Abstract-We propose and demonstrate a novel preamplifier to improve receiver sensitivity for a 10-Gb/s return-to-zero on-off keying format by using a fiber optical parametric amplifier. Receiver sensitivity can reach down to 42 dBm at bit-error rate = 10 9 . This sensitivity is only 1.1 dB off the quantum limit.
I. INTRODUCTION

P
REAMPLIFICATION is an enabling technology for optical communication. It can extend system span and reduce the cost effectively in long-haul lightwave systems by improving the receiver sensitivity. Currently, erbium-doped fiber amplifier (EDFA) has been widely employed in receivers due to technological maturity. Previous experiments have demonstrated that optical preamplifiers can achieve low receiver sensitivities of 37.2 dBm with 33-dB gain [1] and 38.8 dBm with 46-dB gain [2] at 10 Gb/s. These techniques are also employed in wavelength-division-multiplexing (WDM) systems which are prevalent today. On the other hand, fiber-based optical parametric amplifier (OPA) with femtosecond response time [3] , high gain [4] and wide gain bandwidth [5] , has been demonstrated to be a candidate as a preamplifier [6] and amplifier in WDM systems [7] . Therefore, in this letter, we propose and demonstrate a novel preamplifier to improve receiver sensitivity by using dual-end detection (i.e., signal plus idler) of OPA for return-to-zero on-off keying (RZ-OOK) WDM systems.
II. PRINCIPLE AND EXPERIMENTAL SETUP
The principle of preamplifier based on OPA is shown in Fig. 1 . By launching a weak RZ-OOK signal together with a strong pump into nonlinear medium, both the amplification of the weak signal and the generation of a new component called idler will occur by extracting power from the strong pump. As a result, the pattern on signal can be transcribed to the idler, while the pump will be depleted simultaneously. By feeding both the amplified signal and the idler into a photodetector (PD), constructive superposition can enhance the amplitude of output. Therefore, an output electrical signal with higher voltage swing is obtained. By implementing this dual-end detection scheme in each channel of WDM systems, extra amplification can be obtained.
The experimental setup is shown in Fig. 2 , with part (a) as the preamplifier. The nonlinear medium used for OPA is a spool of 1-km highly nonlinear dispersion-shifted fiber (HNL-DSF) with a nonlinear coefficient W km and zero-dispersion wavelength nm. The OPA pump is supplied from a tunable laser source (TLS1) with emission wavelength at 1561.1 nm. It is phase-modulated with 10-Gb/s pseudorandom binary sequence (PRBS) for stimulated Brillouin scattering (SBS) suppression. The phase-dithered pump is then amplified by two EDFAs (EDFA1 and EDFA2) to 27.7 dBm with a tunable bandpass filter (TBPF1) between them to reduce the amplified spontaneous emission (ASE) noise before entering into EDFA2. In Fig. 2(b) , the dashed line box shows the signal part. with wavelengths from 1545.3 to 1547.8 nm are combined by an arrayed waveguide grating (AWG) with channel spacing of 100 GHz. Then the four lightwaves are intensity-modulated by two Mach-Zehnder intensity modulators (MZ-IM) with 10-Gb/s PRBS and 10-GHz clock, respectively, to carve RZ-OOK format. A spool of 9-km single-mode fiber (SMF) is used to decorrelate the four channels. The pump and signals are combined using a WDM coupler (WDMC1) and launched into HNL-DSF for parametric amplification. Maximum OPA gain is attained by aligning the state of polarizations (SOPs) of signals and pump through polarization controllers PC2 and PC8. Then the pump is filtered out by WDMC2. The signals and idlers are split by a -band coupler, while the corresponding signal and idler are filtered by TBPF2 and TBPF3 with 0.2-nm bandwidth. In addition, the path length difference is compensated by an optical delay line (ODL). The two paths are combined again using another -band coupler. The output is monitored through a bit-error-rate tester (BERT) with 10-GHz bandwidth PD (Agilent 83434A). The input signal power is measured at the input port of PC8 (denoted as point A in Fig. 2 ) and controlled by a variable optical attenuator (VOA) for bit-error-rate (BER) measurement. The input loss, including PC8, WDMC1, and fusion splices, is 0.6 dB. The insertion losses between output of HNL-DSF and PD of signal and idler branches are 9 and 7.2 dB. These losses are comparable with the corresponding loss of EDFAs [1] , [2] .
III. RESULTS
In order to quantify the benefit of dual-end detection, BER of single-and dual-end detection schemes for four 10-Gb/s RZ-OOK WDM channels are measured and shown in Fig. 3 . From channels 1 to 4 at wavelengths 1545.3 to 1547.8 nm with 100-GHz spacing, their receiver sensitivities at BER can achieve 35.6, 37.8, 38.5, and 38.9 dBm by single-end detection using only amplified signals. Their differences can be explained by the different parametric gain experienced by each channel, as shown in Fig. 4 , which shows the spectra at the output of the 1-km HNL-DSF. The internal parametric gains experienced by the four channels are 33, 35, 37, and 37 dB, respectively, which can be measured from the spectra as shown in Fig. 4 . In other words, the channel in the high-gain region can achieve lower sensitivity. These single-end sensitivities are better than [6] . Note that the passband of WDMC1 for the pump branch is from 1554.8 to 1563.4 nm, which carves ASE noise to form the pedestal at the bottom of pump in Fig. 4 . Using the dual-end detection scheme, the receiver sensitivities can achieve 39.5, 41.1, 41.5, and 42 dBm, respectively. They are even lower than [1] and [2] . The sensitivity of channel 4 is only 1.1 dB off the quantum limit of 43.1 dBm [8] . However, the single-end detection sensitivities are still at least 4.2 dB away from the theoretical limit. Therefore, performance is dominated by ASE noise and receiver electronic noise other than signal photon number fluctuations. When the idler is added and the input signal power is reduced, the noise level is not greatly affected. The electrical output power from PD and the dominant noise are unchanged. Hence, BER can be maintained and sensitivities can be improved. More than 3-dB improvements are measured because of the different insertion losses of signal and idler branches. The net black box gain of idler is 1.8 dB higher than that of the signal. It indicates that the sensitivity of the idler is lower than that of the signal at the same input signal power.
Four-wave mixing (FWM) and cross-gain modulation (XGM) are two distinct effects limiting the deployment of fiber OPA in WDM systems. When the channels copropagate through the nonlinear gain medium of OPA, the signal-signal FWM and spurious FWM tones will occur [9] . XGM will induce different instantaneous parametric gain for each channel in a WDM system if the total output signal power is high. These effects will degrade the performance of using OPA as preamplifiers and can be reflected by BER curve and receiver sensitivity. For preamplification, each channel exhibits fairly low input power, which makes XGM effects insignificant [10] . In order to investigate the FWM-induced crosstalk, the FWM-tones are measured with one signal channel switched OFF in each measurement. The spectra of output signals with channels 1 to 4 switched OFF in sequence are shown in Fig. 5 . The total input power is controlled by VOA so that channel 1 (worst) can reach BER while other channels are below of BER. The FWM-tones are not observable for all channels in Fig. 5 . It shows that the FWM-tones are at least 15-20 dB lower than signals and cannot induce crosstalk using such low input power. The same measurement is implemented amongst idlers and no FWM-tone can be observed. Comparisons of channel 1 (worst) and channel 4 (best) with other channels switched ON and OFF are investigated in terms of receiver sensitivity. In Fig. 6 , channels 1 and 4 are degraded by only 0.3 dB at BER when the other WDM channels are switched ON compared to the receiver sensitivities when only channel 1 or 4 is switched ON. This indicates that the multichannel preamplification is not affected by the crosstalk from other WDM channels and its performance is comparable to single-channel amplification.
IV. CONCLUSION
We demonstrated a novel receiver sensitivity improvement scheme for a 10-Gb/s RZ-OOK signal using constructive superposition of signals and idlers in OPA for WDM systems by dual-end detection. Receiver sensitivity down to 42 dBm was realized which was only 1.1 dB above the quantum limit. Crosstalk due to FWM and XGM were not observable. This scheme would be useful for improving performance of OPA-assisted receivers in WDM systems.
